The SleB protein is one of two redundant cortex-lytic enzymes (CLEs) that initiate the degradation of cortex peptidoglycan (PG), a process essential for germination of spores of Bacillus species, including Bacillus anthracis. SleB has been characterized as a soluble lytic transglycosylase that specifically recognizes spore cortex PG and catalyzes the cleavage of glycosidic bonds between N-acetylmuramic acid (NAM) and N-acetylglucosamine residues with concomitant formation of a 1,6-anhydro bond in the NAM residue. We found that like the full-length Bacillus cereus SleB, the catalytic C-terminal domain (SleB C ) exhibited high degradative activity on cortex PG in vitro, although SleB's N-terminal domain, thought to bind PG, was inactive. The 1.85-Å crystal structure of SleB C reveals an ellipsoid molecule with two distinct domains dominated by either ␣ helices or ␤ strands. The overall fold of SleB closely resembles that of the catalytic domain of the family 1 lytic transglycosylases but with a completely different topological arrangement. Structural analysis shows that an invariant Glu157 of SleB is in a position equivalent to that of the catalytic glutamate in other lytic transglycosylases. Indeed, SleB bearing a Glu157-to-Gln mutation lost its cortex degradative activity completely. In addition, the other redundant CLE (called CwlJ) in Bacillus species likely has a three-dimensional structure similar to that of SleB, including the invariant putative catalytic Glu residue. SleB and CwlJ may offer novel targets for the development of anti-spore agents.
B
acteria of Bacillus and Clostridium species form spores in sporulation, a process representing a survival strategy in the face of nutrient deprivation (36, 42) . These spores are metabolically dormant and extremely resistant to a large variety of external insults, properties that allow spores to survive in their dormant state for years (4, 21, 28, 53) . However, upon sensing specific nutrient molecules in their environment, these spores can return to life rapidly in the process of spore germination followed by outgrowth (36, 41) . As spores are ubiquitous throughout our environment and pathogenic varieties (Clostridium botulinum, Clostridium perfringens, Clostridium difficile, and Bacillus cereus) are major agents of food spoilage and food-borne disease, as well as bioterrorism (Bacillus anthracis), there is much interest in methods to efficiently kill these extremely resistant dormant spores (43) . For these reasons, a detailed understanding of the spore germination process continues to be essential, because spores lose much of their resistance upon germination and are relatively easy to kill.
A key step in the spore germination process is the degradation of a thick layer of modified peptidoglycan (PG), termed the cortex, that surrounds the nascent germ cell wall PG of the spores (41) . The cortex PG has a unique spore-specific structure that is essential for maintaining long-term spore dormancy, core dehydration, and heat resistance (42) . Like PG from growing cells, the cortex PG is comprised of alternating ␤-1,4-linked N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) residues, in which the NAM residues are further cross-linked with the neighboring strands through associated peptide side chains. Cortex PG differs from germ cell wall PG in that in cortex PG a large fraction of the NAM residues lose their peptide and are converted to muramic-␦-lactam (MAL), and a further large fraction of NAM residues are linked only to a single L-alanine residue rather than to the usual oligopeptide; these two modifications contribute to a much lower level of peptide cross-links between the glycan strands in cortex PG (37) . Hydrolysis of the cortex PG by the germinationspecific cortex-lytic enzymes (CLEs) is required for later germination events and thus for spore outgrowth (25, 37, 41) .
Studies in spores of a number of Bacillus species have shown that initiation of cortex degradation occurs by the action of either of two redundant CLEs, termed SleB and CwlJ (5, 12, 14, 15, 18, 33, 40) . Both enzymes act only on PG containing MAL and, as a consequence, degrade only cortex PG and leave the germ cell wall PG untouched. Spores lacking either SleB or CwlJ will complete germination, and the single mutant spores have full viability, although the germination of the single mutant spores is often slowed. However, cwlJ sleB double mutant spores have extremely low viability, as the great majority cannot complete germination unless provided with an exogenous lytic enzyme. SleB, the subject of this communication, has been characterized as a lytic transglycosylase, and its action generates large fragments from the spore cortex with these fragments degraded further by other enzymes, although these auxiliary enzymes are not essential for completion of spore germination (3, 5, 6, 16) . SleB is synthesized in the developing spore midway in sporulation, and the great majority is translocated across the forespore membrane. In the process it loses its signal peptide and becomes bound on the outer edge of the cortex, although a small amount remains associated with the forespore membrane (5, 24, 26) . The enzyme is synthesized in an active form but remains inactive in the dormant spore until spore germination is initiated. However, how SleB is activated is not known.
In B. cereus, SleB is produced as a 259-residue protein that is normally processed via removal of an N-terminal 31-residue signal peptide to the mature 228-residue species (27) . Bioinformatic and biochemical studies have indicated that SleB's N-terminal domain (NTD) binds PG, while the C-terminal domain (CTD) has been suggested to catalyze PG hydrolysis, but presumably only of PG containing MAL (5, 27) . Indeed, purified SleB from the closely related organism B. anthracis has been shown to catalyze PG hydrolysis in vitro, but only of PG containing MAL (16) . The purified CTD of B. anthracis SleB has also been shown to hydrolyze MALcontaining PG in vitro, albeit significantly slower than the fulllength protein (16) . Interestingly, work with SleB mutants in Bacillus megaterium spores indicates that SleB's NTD alone is sufficient for complementation of the germination and cortex hydrolysis defects in cwlJ sleB spores and is even better than SleB's CTD (6) . Clearly, a number of questions about SleB function and mechanism remain, including the following. (i) What are the precise functions of the two domains of this protein? (ii) How does the protein recognize MAL in PG? (iii) What is the mechanism of SleB's hydrolysis of PG? (iv) Do CwlJ and SleB exhibit structural homology, even though CwlJ lacks the corresponding PG-binding domain and is therefore thought to comprise only the catalytic domain? Given the importance of spore germination in the return to life of dormant spores and the role of spores of several Bacillus species as vectors for human diseases, such as food poisoning and anthrax, it would be of obvious interest to understand the mechanism of spore germination, in particular cortex hydrolysis, as it might then be possible to block this process and thus prevent diseases due to spores. Thus, we have initiated attempts to obtain high-resolution structures of CLEs by X-ray crystallography. In this report, we present the first crystal structure of a spore-specific CLE, that of the catalytic CTD of B. cereus SleB (SleB C ). The crystal structure reveals that SleB C shares significant structural similarity to a number of bacterial and phage lytic transglycosylases, including a conserved catalytic glutamate residue, but with a completely different topological arrangement. Both secondary-structure prediction and structure-based alignment suggest that this fold represents the prototype of the catalytic domain of the spore-specific CLEs from different species. Our results open an avenue for understanding the structural assembly and substrate specificity of CLEs and for the development of new agents designed to modulate CLE action in spore germination.
MATERIALS AND METHODS
Protein expression and purification. The sleB genes were amplified by PCR using genomic DNA from B. cereus strain ATCC 14579 as the template and cloned into a modified pET15b vector. The E157Q mutation of SleB was introduced into the sleB gene using an overlap PCR method (13) . The mature SleB (SleB M ; residues 32 to 259), the NTD of SleB (SleB N ; residues 32 to 123), the CTD of SleB (SleB C ; residues 136 to 259), and the SleB E157Q mutant proteins were expressed in Escherichia coli and purified by Ni 2ϩ -nitrilotriacetic acid (NTA) affinity chromatography followed by tobacco etch virus (TEV) protease cleavage of the N-terminal His 6 tag and by cation exchange and gel filtration (SD75; GE Healthcare, Piscataway, NJ) chromatography. All of the resulting SleB proteins contained an additional four N-terminal residues (Gly-Gly-Gly-Arg) prior to the native protein sequence. For crystallization, the SleB C protein was concentrated to 10 mg/ml by ultrafiltration in 10 mM Na citrate (pH 5.3), 50 mM NaCl, 2 mM dithiothreitol (DTT). Selenomethionine (SeMet)-substituted SleB C was produced by following established procedures (52) and purified and concentrated as described above.
Crystallization and structure determination. The native and SeMetsubstituted SleB C proteins were crystallized from a solution consisting of 0.8 to 1.1 M ammonium phosphate and 0.05 M Na citrate (pH 5.3) by the hanging-drop vapor diffusion method at 4°C. Crystals were flash-frozen in crystallization solution containing 40% (vol/vol) glycerol. Data collection on native and SeMet SleB C crystals was performed at the X29A beamline of the National Synchrotron Light Source (Brookhaven National Laboratories). Data were processed using the HKL2000 suite (32) . The crystals contain one SleB C molecule in the asymmetric unit. The data collected at the selenium peak wavelength were selected to search for SeMet sites using the program SOLVE (45) as implemented in PHENIX (1). One site was identified, and initial phases calculated from this site were improved by density modification using RESOLVE/PHENIX. The resulting electron density map was readily interpretable and used to build the entire molecule using the program Coot (10) . Iterative cycles of refinement in REFMAC with TLS (55) followed by manual rebuilding in Coot were carried out until no further improvement of the R free factor was observed. X-ray data collection and phasing and refinement statistics are summarized in Table 1 . Ramachandran statistics were calculated using Molprobity (8) . Molecular graphics were rendered using PyMOL (Delano Scientific LLC).
Molecular docking. Three-dimensional coordinates of a 1,6-anhydromuropeptide (NAG-anhydro-NAM-L-Ala-D-meso-diaminopimelic acid), chitin tetrosaccharide (NAG 4 ), and the NAM and NAG alternating trisaccharide [NAM-NAG-NAM (MGM)] were adapted from the E. coli lytic transglycosylase Slt70-1,6-anhydromuropeptide (Protein Data Bank [PDB] no.1QTE) (51), the bacteriophage KZ transglycosylase gp144-NAG 4 (PDB no. 1BKV) (11) , and the hen egg white lysozyme-MGM (PDB no. 9LYZ) (20) complex structures, respectively. Docking of 1,6-anhydromuropeptide, NAG 4 , and MGM into the SleB C structure was performed using the iterated Local Search Global Optimization algorithm provided by AutoDock Vina (49) . The PDBQT format files (required as input) of both polysaccharide and SleB C were generated using the AutoDock Tools package provided by AutoDock 4 (56). The polysaccharide molecule was docked as a rigid body, and the entire surface of the SleB C structure was searched for possible binding sites without bias. A cubic box was built around the protein with 42 by 46 by 44 points as x, y, and z sizes. A spacing of 1.0 Å between the grid points was used, making the center of the protein the center of the cube, that is, x, y, and z centers at 51.671, 44.708, and 30.033, respectively. All other parameters were set as default as defined by AutoDock Vina.
Enzymatic activity assays. The enzymatic activity of various forms of SleB as well as chicken egg-white lysozyme (Sigma, St. Louis, MO) was measured by monitoring the ability of the various proteins to trigger spore germination and thus the release of the spore core's large depot (ϳ20% of core dry weight) of pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA]) (41) . The spores used for this assay were B. subtilis FB113, a derivative of strain 168 that lacks both sleB and cwlJ genes (33); we note that the second gene in the bicistronic operon with sleB, ypeB, was very likely expressed poorly if at all, because the presence of the antibiotic resistance cassette replacing much of the sleB coding sequence would likely reduce ypeB expression by premature transcription termination and loss of translational coupling. B. subtilis spores were used instead of B. cereus spores because the cortex of B. subtilis spores is almost certainly identical to that of B. cereus spores (9), and cwlJ1 sleB B. cereus spores are not available. Exogenous lytic enzymes such as lysozyme are also known to trigger DPA release from decoated spores with attendant osmotic rupture of the treated spores (41) . The assay was simple and allowed the assay of multiple samples simultaneously by measuring DPA release by fluorescence with Tb 3ϩ in a multiwell fluorescence plate reader (57) . Notably, the presence of Tb 3ϩ in the assay does not inhibit DPA release triggered by lysozyme, in contrast to germination via either the germinant receptors (GRs) that respond to specific nutrient germinants or the non-GR-dependent germinant dodecylamine (9) , and it also did not inhibit DPA release triggered by SleB (data not shown).
FB113 spores were prepared at 37°C on 2ϫ SG medium agar plates and harvested, purified, and stored as described previously (29, 34) . These spores were free (Ͼ98%) of growing and sporulating cells, germinated spores, or cell debris as determined by phase-contrast microscopy. Decoated spores were prepared as previously described (35) . Briefly, purified spores (ϳ15 mg dry weight) were suspended in 5 ml of decoating buffer (0.1 M NaCl, 0.1 M NaOH, 1% sodium dodecyl sulfate [SDS], and 0.1 M dithiothreitol [DTT]) at 70°C for 2 h and then washed 10 times with distilled water by centrifugation. The resulting spore pellet was resuspended and stored in distilled water at an optical density at 600 nm (OD 600 ) of 2.0.
Hydrolytic activity of various proteins (10 nM or as indicated) on spore cortex PG was determined at 25°C in 200 l of 25 mM K-HEPES buffer (pH 7.4), 50 M TbCl 3 , and 1 mM DTT with decoated FB113 spores at an OD 600 of 0.5. Reactions were initiated by addition of spores, and DPA release was monitored by its fluorescence with Tb 3ϩ in a multiwell fluorescence plate reader as described previously (57) . Each reaction mixture was tested in quadruplicate, and the reading detected at zero time was used as the background. For all spores examined, the total DPA content of the spores in the reaction mixture was determined by recording the maximum number of relative fluorescence units (RFU) of the same amount of spore suspensions that were boiled for 30 min in water. The percentages of spores that had germinated/lysed by the end of reaction incubations were also routinely checked by phase-contrast microscopy; note that because these spores were decoated, germination triggered by hydrolysis of cortex PG resulted in osmotic rupture of most of the germinated spores. These measurements invariably agreed with those determined from RFU values. Germination rates (percent DPA release min Ϫ1 ) were calculated as the slope of the linear segment of DPA release that followed the lag phase immediately after addition of spores. Preliminary experiments indicated that results with FB113 spores were similar to those with chemically decoated spores of strain FB112 (33) that lacks only SleB (data not shown).
Protein structure accession number. Coordinates and structure factors have been deposited in the RCSB Protein Data Bank under accession number 4F55.
RESULTS

Overall structure of the catalytic domain of the B. cereus SleB protein. Crystals of SleB
C were obtained using B. cereus SleB lacking the N-terminal signal peptide and the presumed PG-binding domain. The SleB C structure was determined at 1.85-Å resolution by the single-wavelength anomalous dispersion (SAD) method using data from an SeMet-substituted crystal ( Table 1 ). The calculated electron density map allowed unambiguous tracing of the entire protein plus the four additional N-terminal residues. The final structure was refined to an R factor of 18.0% and an R free of 21.2%, with all residues in allowed regions of the Ramachandran plot (Table 1) . SleB C is ellipsoidal in shape, with dimensions of ϳ37 by 31 by 26 Å (Fig. 1A) . A deep groove running across the center divides the protein into two lobes linked by a long loop (Fig. 1A and B) . The N-terminal ␣ domain comprises five ␣ helices with two central antiparallel helices (helices H1 and H2) surrounded by two short helices on one side (H3 and H4) and one helix (H5) on the back. The C-terminal ␤ domain is dominated by a ␤ structure composed of three short ␤ strands (strands S1 to S3), forming an antiparallel ␤ sheet edged by a short ␣ helix (H6). The two domains are linked by the long loop between the H5 helix and the S1 strand. Unexpectedly, an extensive search in the Protein Data Bank, using the Dali (17), CACH (30), ProFunc (22) , Mammoth (23) , and Salign (31) servers, revealed that neither SleB C 's overall fold nor the individual ␣ and ␤ domains' structures show significant similarity to any other proteins (Z scores, Ͻ5; root mean square deviation [RMSD], Ͼ10 Å).
Comparison to other bacterial lytic transglycosylases. As we failed to find any structures homologous to SleB C through an automated search, we attempted to superimpose the SleB C structure directly on those of proteins with similar enzymatic activity. SleB has been characterized as a lytic transglycosylase (3, 6, 15, 16 ) that cleaves the ␤-1,4-glycosidic bond between NAM and NAG residues in PG, as do lysozymes, but unlike lysozyme, SleB makes a new glycosidic bond between the C-6 hydroxyl group and C-1 of the same NAM residue, forming a 1,6-anhydromuramic acid terminal residue. Despite lacking sequence similarity and having disparity in overall tertiary structure, catalytic domains of most bac- , where F H is the structure factor amplitude for anomalous scatterers and ε is the residual lack of closure error. Figure of merit (FOM) ϭ Ͻ⌺P(␣) exp(i␣)/⌺P(␣)Ͼ, where P(␣) is the probability distribution for the phase. FOM before DM indicates the figure of merit before density modification. R factor ϭ ⌺||F obs |Ϫ|F calc ||/⌺|F obs |, where F obs and F calc are the observed and calculated structure factors, respectively. R free ϭ R factor calculated using 5% of the reflection data chosen randomly and omitted from the start of refinement.
terial and phage lytic transglycosylases appear to possess a lysozyme-like fold, especially that of the goose-type lysozymes (39, 48) . Indeed, the overall fold of SleB C clearly resembles the folds of goose lysozyme (54) and the catalytic domain of family 1 lytic transglycosylases (2, 39) represented by Slt70, the soluble lytic transglycosylase from E. coli (47, 48, 51) (Fig. 1C ; also see Fig. S1 in the supplemental material). The SleB C structure can be superimposed on that of goose lysozyme and the catalytic domain of Slt70 with an RMSD of 3.0 and 2.4 Å for the equivalent 46 C-␣ atoms, respectively, although SleB C and these two proteins share only ϳ6% sequence identity. While the majority of the secondarystructure elements in these structures are aligned fairly well in the superpositions, the sequential orders of secondary-structure elements are completely different (compare Fig. 1B to C) . For example, the H1 helix in Slt70 is in the position of the H5 helix in SleB C , and the ␣ domain in Slt70 is intertwined with its ␤ domain. SleB C also lacks most of the characteristic sequence motifs found in other family 1 lytic transglycosylases (2) (see below). Presumably the different topological arrangement and the lack of sequence similarity precluded a successful structural homology search. Those differences also reflect the pronounced sequence and structural variability and diversity in the lytic transglycosylase family.
Identification of the active site. Although there is minimal amino acid sequence similarity, family 1 lytic transglycosylases generally contain four consensus sequence motifs (I to IV) (2). Motif I, Glu-Ser, is of special importance because the absolutely conserved glutamyl residue is the sole catalytic residue required for the intramolecular cleavage leading to the formation of the 1,6-anhydro reaction product (47, 50, 51) . Superposition of SleB C on the catalytic domain of Slt70 shows that Glu157 of SleB is at a position equivalent to that of the catalytic glutamic acid (Glu478) in Slt70 (51) and is adjacent to a serine ( Fig. 1A and C) . Glu157 of SleB, which is invariant in SleB and CwlJ homologs, is situated at the C-terminal end of the H1 helix and points to the middle of the putative sugar-binding groove between the ␣ and ␤ domains (see below) (Fig. 1A) . The carboxylate side chain of Glu157 is embedded in the protein surface and makes a strong hydrogen bond to the hydroxyl group of Tyr232, an absolutely conserved residue located in the S1 strand. This arrangement is topologically identical to that of catalytic glutamate residues in other lytic transglycosylases, including Slt70 and the bacteriophage KZ lytic transglycosylase gp144 (11) as well as the goose lysozyme (11) ( Fig. 2A and  B ; also see Fig. S1 in the supplemental material), further supporting the role of Glu157 as the catalytic general acid/base in SleB.
All family 1 lytic transglycosylases and lysozymes bind their substrates in the deep elongated cleft between the ␣ and ␤ domains ( Fig. 2A and B ; also see Fig. S1 in the supplemental material). This active-site groove contains six subsites, designated A through F, which can each accommodate a single saccharide unit with substrate cleavage between NAM and NAG bound in subsites D and E (48) . For example, in the structure of Slt70 complexed with the reaction product 1,6-anhydromuropeptide (48), the NAG residue is found in subsite E ( Fig. 2A) , and in gp144 complexed with the substrate mimic chitotetraose (11), the four NAG residues bind in sites A to D in the groove (Fig. 2B) . As our attempts to crystallize the SleB C -sugar complex failed, we used molecular docking to identify a possible site on SleB C that could accommodate the polysaccharide substrate. Three model sugars (1,6-anhydromuropeptide [48] , NAG 4 [11] , and the NAM and NAG alternating trisachharide MGM [20] ) were docked as rigid bodies to the SleB C structure using AutoDock Vina (49) . As expected, in all lowest-binding-energy docked conformations, the three sugars bind to SleB C in the groove close to Glu157, although these data cannot predict the exact binding subsite for each saccharide unit (Fig. 2C) . Interestingly, this groove is lined with aromatic residues Phe186, Phe196, Tyr231, Tyr232, Phe233, Trp242, His255, and Phe257, all of which are invariant in SleB homologs ( Fig. 3 ; also see Fig. S2 ). As aromatic residues in enzymes often pack with sugar residues in PG, chitin, and starch (44, 46, 48) , we conclude that the large groove of SleB C binds PG and that the cleavage site is located in this groove.
SleB contains an atypical substrate-binding site. Despite the overall structural similarity, the putative sugar-binding site of SleB C differs markedly from that of other lytic transglycosylases and lysozymes. The four sequence motifs in lytic transglycosylases are involved in maintaining the architecture of the substratebinding site composed of two ␣ helices in the N-terminal lobe (motifs I and IV) and the three-stranded ␤ sheet (motif II) as well as an ␣ helix (motif III) in the C-terminal lobe (48) ( Fig. 2A and B ; also see Fig. S1 in the supplemental material). Except for the catalytic glutamate, B. cereus SleB as well as SleBs from other species lack the other three motifs important in substrate interaction in transglycosylases. The arrangements of secondary-structure elements in the substrate-binding groove are also markedly different in SleB and transglycosylases. For example, while four of the helices in the ␣ domain of SleB C align well with the corresponding ones in Slt70, gp144, and lysozyme, SleB C has a much shorter H4 helix at which motif IV should be present, leaving a five-residue loop between helices H4 and H5 to cover most of the upper ceiling of the groove ( Fig. 2A and B ; also see Fig. S1 ). The most notable difference is observed at the ␤ domain. The three-stranded ␤ sheet in SleB C is positioned almost perpendicular to the corresponding sheet in Slt70 and gp140 and forms a rather flat floor in the lower part of the groove, while in Slt70 and gp144 an additional C-terminal ␣ helix makes up the majority of the groove floor ( Fig. 2A and B) . Thus, the substrate-binding cleft in SleB C is relatively longer and deeper than that in other lytic transglycosylases and lysozymes, and the two lobes in SleB C seem more distant from each other. These results suggest that SleB contains an atypical substrate-binding site among lytic transglycosylases, and perhaps this is important in determining SleB's specificity for MAL-containing PG.
The structure of SleB C is conserved among SleB and CwlJ homologs. BLAST searches have identified 29 homologs of SleB and 35 homologs of CwlJ encoded in spore-forming Bacillales genomes (see Fig. S2 and S3 in the supplemental material). These homologs share ϳ40 to 99% pairwise sequence identities with their B. cereus counterparts. With the structure of B. cereus SleB C in hand, we can now elaborate on several features relating to sequence and structure conservation between SleB and CwlJ homologs. First, the catalytic domain of other SleB proteins likely has a structure similar to that of B. cereus SleB. Sequence analysis indicates that all SleB homologs share the same domain organization, consisting of a short signal peptide followed by an N-terminal PG-binding domain that is connected to the C-terminal catalytic domain by a linker region of variable length and amino acid composition (see Fig. S2 in the supplemental material) . The PGbinding and the catalytic domains of the SleB homologs have sizes nearly identical to that of B. cereus SleB. Secondary-structure predictions by the programs PHD (38) and Jpred (7) also suggest that the catalytic domain of B. subtilis SleB exhibits secondary-structure topology essentially identical to that of SleB C , except for the short H6 helix of SleB C , which is predicted as a loop in B. subtilis SleB (Fig. 3A) . We note that this site in B. cereus SleB was also predicted as a loop, although all of the other predicted secondarystructure elements matched well with the determined structure.
Second, orthologous sequence conservation suggests that all SleB homologs have a substrate-binding site analogous in location and conformation to that in SleB C . To illustrate this, mapping the conservation in the catalytic domain of the SleB proteins on the surface of the SleB C structure shows that the putative substratebinding groove is the best-conserved region in the entire catalytic domain, and the amino acid residues presumably contacting the bound sugar in the putative substrate-binding groove are invariant (Fig. 2B ). In keeping with our structural analysis, this observation further supports the notion that SleB binds its PG substrate through this site.
Third, both sequence alignment and secondary-structure prediction suggest that CwlJ, the other major CLE in spores of Bacillus species, has a structure and substrate interaction site similar to that of SleB C . CwlJ lacks a PG-binding domain and is therefore thought to comprise only the catalytic domain (19) . CwlJ homologs share ϳ24 to 30% pairwise sequence identities to B. cereus SleB C ( Fig. 2A and data not shown) , but the glutamate residue (Glu21 in B. cereus CwlJ) equivalent to Glu157 of B. cereus SleB is invariant in CwlJ homologs (see Fig. S3 in the supplemental material). In addition, of the eight aromatic residues surrounding the substrate-binding groove in SleB C , seven are either conserved or conservatively substituted in CwlJs ( Fig. 2A ; also see Fig. S3 ). Secondary-structure predictions also suggest that B. cereus CwlJ1 has a secondary structure essentially identical to that of SleB C ( Fig.  2A) . We posit that CwlJ is also a lytic transglycosylase, although further studies are needed to address this issue.
Determinants of SleB catalytic activity. To further dissect the catalytic activity determinants of SleB, we investigated the importance of B. cereus SleB's domains and Glu157 in the enzyme's catalytic activity. The assay for SleB activity was carried out using purified SleB proteins with decoated B. subtilis spores lacking both SleB and CwlJ. As expected, intact, mature SleB (SleB M ) caused the rapid release of the majority of DPA from decoated spores and was 20 times more effective than lysozyme ( Fig. 4A and C) . The reason that DPA release with SleB M did not reach 100% is not clear, but presumably not all of the spores were decoated sufficiently. Previous work found that B. anthracis SleB M was also more effective than lysozyme in degrading the purified spore PG sacculus (16) . The finding that SleB M from Bacillus species is more effective than lysozyme in degrading spore cortex PG is consistent with the large difference between the PG-binding site in lysozyme and the putative PG-binding groove in SleB. Perhaps the latter difference ensures that SleB specifically recognizes PG containing MAL and not the spore's germ cell wall PG that lacks MAL. Surprisingly, SleB's CTD, SleB C , was more active than SleB M in triggering DPA release from decoated spores (Fig. 4A and C) , in contrast to results with B. anthracis SleB, where SleB C had ϳ10% of the activity of SleB M (16) . The reasons for this large difference are not clear. However, assays used in the latter and current work are different, as the substrate in the B. anthracis SleB assays was the spore PG sacculus. The presence of additional proteins in the decoated spores might assist in SleB C 's activity and/or stability, or the cortex PG structure is altered in preparation of the PG sacculus.
In contrast to the good activity of SleB M and SleB C on decoated spores, the E157Q mutation eliminated activity of both SleB M and SleB C completely, consistent with Glu157 being SleB's key catalytic residue (Fig. 4A and C) . SleB's NTD, SleB N , also had no activity, even at a 10-fold higher concentration ( Fig. 4B and C) . The high cortex-lytic activity of SleB C and the lack of activity of SleB N are consistent with the notion that the CTD of SleB comprises the catalytic domain, with the NTD binding to the PG substrate. CwlJ that lacks a PG-binding domain is also active, at least in vivo, and in B. megaterium spores lacking SleB and CwlJ, synthesis of SleB C alone is sufficient for cortex hydrolysis during spore germination and full spore viability (6) . Nonetheless, the fact that the PG-binding domain was not essential for SleB C hydrolytic activity on decoated spores was surprising. In cwlJ sleB B. megaterium spores, synthesis of SleB N or SleB M with the putative catalytic glutamate changed to alanine alone are sufficient for cortex hydrolysis during spore germination as judged by spore viability (6) . Clearly, more work is needed to assess the function of SleB's NTD and CTD in cortex degradation during spore germination.
DISCUSSION
Dormant spores' cortical PG has been strongly implicated in the establishment and maintenance of bacterial spore dormancy and in a number of spore resistance properties because of the spore M -E157Q, or SleB C -E157Q) or lysozyme. The percentage of DPA release was normalized against the maximum RFU obtained from the spores boiled in water, as described in Materials and Methods. The fluorescence measurements of a reaction mixture in the absence of the enzymes (Control) were used as the negative control. Data represent means Ϯ standard deviations from at least three independent measurements, and some of the error bars are too small to be visible. The readings for SleB N , SleB M -E157Q, and SleB C -E157Q were virtually zero and overlapped with the control. (B) DPA release from decoated cwlJ sleB spores (strain FB113) upon adding various amounts (10, 20, 50 , and 100 nM) of SleB N . The large error bars, in particular at 100 nM SleB N , are due primarily to the high sensitivity of the assay used here (compare vertical axes in panels A and B). (C) The relative initial rates of DPA release of these reactions. Rates were calculated as described in Materials and Methods. The initial rate of the reaction with 10 nM SleB M was set at 100.
core's low water content. The degradation of PG in the spore cortex is also an essential event in spore germination. Consequently, the regulation and catalytic mechanism of enzymes that initiate hydrolysis of cortex PG during germination are of major interest. SleB is one enzyme that can initiate spore cortex hydrolysis independently (12, 15) , and the results in this communication provide information for the first time on the structure and catalytic mechanism of this enzyme, which is crucial for the germination of spores of Bacillus species. Analysis of cortex degradation products has indicated that SleB is a lytic transglycosylase (3, 5, 6, 16) , and the overall fold of SleB C is consistent with this assignment. Docking studies with various oligosaccharides and B. cereus SleB C indicate that like other lytic transglycosylases, SleB has a substrate-binding groove adjacent to the catalytic glutamate residue. Comparison of the SleB C sequence to that of the other CLE in Bacillus spores, CwlJ, indicates that CwlJ has a very similar conserved substrate-binding groove as well as a putative catalytic glutamate residue, suggesting that CwlJ is also a lytic transglycosylase. The similarities in overall fold and arrangement of the extended glycan-binding site and the position of the catalytic glutamate residue suggest that SleB/CwlJ and other bacterial and phage lytic transglycosylase as well as lysozymes have diverged from a common ancestor. Structural differences, like arrangement of the active-site groove and the sequential order of the secondary-structure elements, can be related to differences in reaction mechanism and/or substrate specificity and have probably been acquired by adaptation to specific biological functions. For example, in contrast to other known lytic transglycosylases, SleB and CwlJ are specific for PG containing MAL, and this is also true for the SleB CTD (16) . In our experimental setting, the SleB NTD that is predicted to be a PG-binding domain was not essential for SleB catalytic activity in vitro, although other work found that the B. anthracis SleB lacking its NTD had much lower activity than the intact protein (16) . The reason for the difference in the activity of these two SleB CTDs is not clear. However, the fact that SleB C does retain significant catalytic activity and remains specific for PG containing MAL strongly indicates that at least some of the structural features responsible for SleB's substrate specificity reside in the SleB CTD. It thus appears that a complete understanding of SleB's substrate specificity will require elucidation of the structure of SleB M or SleB C bound to specific PG fragments containing MAL.
As noted above, SleB's NTD was not essential for SleB activity in vitro or during spore germination. In addition, CwlJ does not contain a PG-binding domain, yet alone it is able to initiate cortex PG hydrolysis. It is, however, possible that the SleB NTD plays a role in modulating SleB activity, as this enzyme must remain inactive in the dormant spore and be activated only following DPA release in spore germination. CwlJ activation during spore germination is promoted by DPA released from the spore in which CwlJ is activated (33) , thereby coordinating CwlJ activation and DPA release in individual spores. In contrast, DPA does not activate SleB directly (33) , although it is possible that some change in cortex PG structure due to a change in core hydration following DPA release activates SleB. If the SleB NTD is involved in regulating SleB activity, this cannot be the only means of SleB regulation, because dormant B. megaterium spores expressing only SleB C are stable, and thus SleB C is not active (6) . Another protein that may be involved in regulation of SleB activity is YpeB, which is encoded by the second gene in the sleB ypeB operon (3). YpeB is essential for SleB assembly into the spore outer layers and could certainly be involved in regulating SleB activity as well. If YpeB does interact with SleB in spores, this interaction might affect both SleB regulation and its catalysis. However, there is no evidence supporting this idea, and as yet interaction between SleB and YpeB in vitro has not been observed (data not shown).
